Establishment of neuronal circuitry depends on both formation and refinement of neural connections. During this process, targetderived neurotrophins regulate both transcription and translation to enable selective axon survival or elimination. However, it is not known whether retrograde signaling pathways that control transcription are coordinated with neurotrophin-regulated actions that transpire in the axon. Here we report that target-derived neurotrophins coordinate transcription of the antiapoptotic gene bclw with transport of bclw mRNA to the axon, and thereby prevent axonal degeneration in rat and mouse sensory neurons. We show that neurotrophin stimulation of nerve terminals elicits new bclw transcripts that are immediately transported to the axons and translated into protein. Bclw interacts with Bax and suppresses the caspase6 apoptotic cascade that fosters axonal degeneration. The scope of bclw regulation at the levels of transcription, transport, and translation provides a mechanism whereby sustained neurotrophin stimulation can be integrated over time, so that axonal survival is restricted to neurons connected within a stable circuit.
Introduction
Formation of a working sensory nervous system relies on axonal guidance for innervation of appropriate targets and on the selective survival of neurons that are integrated into functional circuits. These critical events are regulated by neurotrophins both during development and into adulthood Skaper, 2012) . Target-derived neurotrophins initiate retrograde signaling cascades that induce transcriptional changes enabling neuronal survival (Cosker et al., 2008; Pazyra-Murphy et al., 2009; Chowdary et al., 2012) , whereas lack of neurotrophin support prevents outgrowth, triggers local axonal degeneration, and eventually causes neuronal apoptosis (Luo and O'Leary, 2005) . It is currently not known whether neurons are able to coordinate transcriptional events in the cell body with localized mechanisms that function within the axons to promote axon outgrowth and survival pathways.
During axonal outgrowth, neurotrophins regulate subcellular localization and translation of specific mRNAs (Yoon et al., 2009) . The most extensively characterized of these is ␤-actin mRNA, which is both targeted to axons and locally translated there in response to neurotrophins to facilitate growth cone motility and neurotrophin-dependent axon guidance (Zhang et al., 1999; Zhang et al., 2001; Yao et al., 2006; . It has been proposed that local protein synthesis of ␤-actin allows axonal turning responses to occur rapidly and independently of the remote cell body.
More recently it has been reported that mRNA localization and local translation may also play a role in neurotrophindependent axonal survival. One such mRNA is Impa1, which is targeted to sympathetic neuron axons and locally translated in response to nerve growth factor (NGF) stimulation of distal axons (Andreassi et al., 2010) . The Impa1 gene product is critical for synthesizing membrane lipids and thereby promotes axonal maintenance. Similarly, local synthesis of Lamin B2 is critical for axon maintenance in Xenopus retinal ganglion cell axons (Yoon et al., 2012) . It is currently unknown whether local protein synthesis enables axonal survival to be regulated independently of the cell body or whether neurotrophins coordinate survival pathways in the cell body and axons.
Bcl2 family members are critical determinants of neurotrophin survival responses. In sensory neurons, Bclw (Bcl2l2) is the only antiapoptotic Bcl2 family member selectively regulated by target-derived neurotrophins (Pazyra-Murphy et al., 2009; Courchesne et al., 2011) . Furthermore, Bclw is the Bcl2 family member that exhibits substantial protein expression in axons and prevents axonal degeneration in vivo (Courchesne et al., 2011) . Here we show that mRNA encoding bclw is present in peripheral axons as well as in cell bodies of sensory neurons, and neurotrophin stimulation of distal axons increases levels of bclw mRNAs in both locations. Our studies indicate that a retrograde neurotrophin signaling cascade leads to transcription of bclw mRNA, which is immediately transported back to the stimulated axons.
There, bclw is translated in response to continuous neurotrophin exposure and thereby suppresses axon degeneration mediated by Bax and caspase6. Thus, target-derived neurotrophins coordinate transcription, mRNA transport, and translation in space and time to promote neuronal survival of cell bodies and axons.
Materials and Methods
Microfluidic chambers. Cover glass (Fisherband Microscope Cover Glass; 24 ϫ 40 -1) was coated with 0.25 mg/ml poly-M-lysine in HBSS overnight at room temperature. After washing with ddH 2 O, the microfluidic chamber (Xona Microfluidics) was attached to the cover glass. Laminin (10 g/ml) was added to each channel at 37°C for 3 h. Dorsal root ganglia (DRG) from embryonic day 15 (E15) rats of either sex were dissected, trypsinized, and plated directly into the channel at 100,000 cells/microfluidic chamber in 5 l of media (DMEM with 5% horse serum, 1% penicillin-streptomycin, and 0.3 M cytosine arabinoside [AraC] , and 50 ng/ml NGF ϩ BDNF; PeproTech). After allowing cells to attach for 10 min, 100 l of media with 50 ng/ml NGF ϩ BDNF was added to cell body wells, and 100 l of media with 100 ng/ml NGF ϩ BDNF to axonal wells. Media was changed daily, removing AraC, and cells were fixed after 4 d in culture with ice-cold MeOH for 2 min and 4% PFA for 20 min.
FISH. DRGs from E15 rats of either sex were cultured in microfluidic chambers as described above. Cells were permeabilized in 0.5% Triton X-100 for 10 min and refixed in 4% PFA for 5 min. Cells were acetylated in 0.25% acetic anhydride in 0.1 M triethanolamine for 10 min and washed in PBS. Neurons were prehybridized for 1 h, before being incubated in 1 g/ml probe at a final concentration of 4% dextran sulfate overnight at 65°C. Cultures were washed in 0.2ϫ saline-sodium citrate at 65°C, cooled down, and equilibrated in TNT buffer (100 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Tween) for 5 min. Cells were incubated in blocking buffer (100 mM Tris, pH 7.5, 150 mM NaCl, 0.5% blocking reagent) for 1 h and anti-digoxigenin-POD (1:500) and mouse anti-Tuj1 (1:400; Covance) in blocking buffer overnight at 4°C. Cultures were washed with TNT buffer and incubated in biotin-tyramide (1:50; PerkinElmer) in amplification plus solution for 8 min. After washing in TNT, cells were incubated with 546-Strepdavidin and goat anti-mouse 488 in blocking buffer for 1 h at room temperature. Cells were washed with TNT and mounted. Images were obtained using NIS Imaging software and a 60ϫ oil objective.
In situ hybridization. Probes for bclw, ␤-actin, and ␥-actin were amplified with gene-specific sets of PCR primers and cDNA templates prepared from P0 rat brain. Digoxigenin-labeled riboprobes were generated with digoxigenin-RNA labeling mixture (Roche) and T7 RNA polymerase. Whole DRG with central and peripheral nerves were dissected from P0 rats of either sex and fixed overnight in 4% PFA in DEPC PBS. After fixation, embryos were dehydrated stepwise into 100% MeOH. Before hybridization, DRGs were rehydrated, refixed, and prehybridized in hybridization buffer for 1 h at 65°C. Prehybridization buffer was replaced with hybridization buffer containing 1.5 g/ml probe and hybridized overnight at 65°C. After washes, DRGs were blocked in TBST ϩ 10% lamb serum for 2 h at room temperature, then incubated in TBST ϩ 10% lamb serum containing 1/2000 dilution of alkaline phosphataseconjugated sheep anti-digoxigenin Fab fragments overnight at 4°C. After washing in TBST, and alkaline phosphatase buffer, DRGs were incubated in BM Purple (BMB/Roche) until signal was detected. The reaction was stopped by washing in PBST/5 mM EDTA, DRGs were postfixed in 4% PFA for 24 h, washed and mounted.
Cell cultures. Compartmented chamber cultures (Campenot cultures) were prepared as previously described (Heerssen et al., 2004; PazyraMurphy and Segal, 2008) . Briefly, DRGs from embryonic day 15 (E15) rats or E13 bclw ϩ/ϩ and bclw Ϫ/Ϫ mice of either sex were dissected, trypsinized, and plated in the center compartment of a Teflon divider (Camp10; Tyler Research) (Campenot, 1982) . Cultures were maintained in media consisting of DMEM with 5% horse serum, 1% penicillinstreptomycin, and 0.3 M AraC at 37°C, 7.5% CO 2 ; BDNF ϩ NGF (PeproTech) were added to the cell body compartment at a concentration of 10 ng/ml and to the axon compartment at a concentration of 100 ng/ml for 2 d. On day 3, media was replaced and the AraC was omitted. On day 5, neurotrophins were removed from the cell body compartment and reduced to 1 ng/ml in axon compartments for 3-7 d. For each experiment, neurons were starved for 2 h in serum and neurotrophin-free media, and then vehicle control (100 ng/ml BSA in PBS) or neurotrophins (100 ng/ml BDNF ϩ NGF) were applied to distal axons or cell body compartments for the indicated time. Mass cultures consisting of 3 ϫ 10 5 DRG neurons were grown on laminin-coated p35 cultures dishes (Nunc) in neurotrophin-enriched (100 ng/ml NGF ϩ BDNF) media with 0.3 g/ml AraC.
qRT-PCR. RNA was extracted from DRG neurons in compartmented chamber cultures using Trizol (Invitrogen) according to the manufacturer's protocol. Reverse transcription was performed using the cDNA archive kit (Applied Biosystems) according to the manufacturer's specifications. Quantitative real-time RT-PCR was performed using TaqMan gene expression assays (Applied Biosystems) to assess the expression of c-fos (Rn02105452_s1), bclw (Rn00821025_g1), ␤-actin (Rn00667869_m1), and ␥-actin (Rn01470738_g1). For each sample, data were normalized to the expression level of gapdh (Applied Biosystems).
Western blotting. For analysis of Bclw protein in DRG cell bodies and distal axons, E15 rat DRGs were grown in compartmented chamber cultures as described above. Cells and axons were lysed in nonionic detergent, and protein lysates were separated by 4 -12% SDS-PAGE and blotted with the following antibodies: anti-pTrk (1:1000; pY-490) (Segal et al., 1996) , anti-phospho Erk1/2 (1:1000; Cell Signaling Technology), anti-pan-actin (1:1000; Cell Signaling Technology), anti-Bclw (1:200; Stressgen), anti-His (1:1000; Novagen), anti-Bax (1:1000; Cell Signaling Technology), and anti-GAPDH (1:1000; Cell Signaling Technology). Bands were visualized with secondary antibodies conjugated to HRP (1:10,000; Bio-Rad) and SuperSignal chemiluminescent substrate kit. Using National Institutes of Health ImageJ software, protein levels were quantified and levels of protein were normalized to GAPDH. mRNA stability. E15 rat DRG neurons were grown in mass cultures as described. After 2 d in culture, 4-thiouridine nucleoside (20 M; Sigma) was added to cultures for 24 h for mRNA labeling. Total RNA was extracted at 0, 4, and 8 h after 4-thiouridine removal. Total RNA (10 l) was biotinylated with EZ-Link HPDP-Biotin (Pierce) for 3 h at room temperature in the dark. Labeled RNA was precipitated and washed with 75% EtOH. Biotinylated mRNA was purified using Dynabeads MyOne Streptavidin C1 (Invitrogen), blocked with 10 mg/ml yeast tRNA for 1 h at room temperature. Biotinylated RNA was added to the beads (10 l RNA to 100 l beads) and incubated for 15 min at room temperature. Beads were collected, washed 3 times with buffer (1 M NaCl, 10 mM EDTA, and 100 mM Tris-HCl, pH 7.4, in RNase-free H 2 0), and bound RNA was eluted by addition of 5% 2-mercaptoethanol. The eluted thiolated RNA was precipitated with 2-propanol, spun, washed with 75% EtOH, spun, and resuspended in 20 l RNase-free H 2 O. Reverse transcription was performed using the cDNA archive kit (Applied Biosystems), according to manufacturer's specifications for analysis by qRT-PCR.
Drug treatment. Distal axons and cell bodies of DRG neurons grown in compartmented chamber cultures were treated either with 200 nM K252A (Calbiochem), 10 M U0126 (Calbiochem), 20 M actinomycin D (actD), 10 g/ml cycloheximide (Calbiochem), 10 M anisomycin (Sigma), 500 nM ABT-263 (Selleck Chemicals) or DMSO vehicle control. Drugs were applied 10 min before neurotrophin stimulation or throughout the duration of neurotrophin deprivation.
4-Thiouridine labeling. E15 rat DRGs were grown in compartmented chamber cultures as described. For pulse-labeling experiments, 4-thiouridine nucleoside (20 M; Sigma) was added to cell body compartments during 2 h of distal axon neurotrophin (NT) stimulation, and then removed for an additional 2 h of NT stimulation. For control experiments, 4-thiouridine nucleoside was added to cell body compartments 24 h before NT stimulation, during which time it was removed. After NT stimulation, total RNA was extracted from cell bodies and distal axons using Trizol (Invitrogen). Total RNA (10 l) was biotinylated and precipitated as described. A 3 l RNA sample was removed and reverse transcription was performed using the cDNA archive kit (Applied Biosystems) to check for neurotrophin induction of total-biotinylated mRNA by qRT-PCR. Total biotinylated mRNA was captured on Dyna-beads MyOne Streptavidin C1 (Invitrogen), and purified 4-thiouridine biotinylated RNA was eluted as described. The eluted thiolated RNA was precipitated with 2-propanol, spun, washed with 75% EtOH, spun, and resuspended in 20 l RNase-free H 2 O. Reverse transcription was performed using the cDNA archive kit (Applied Biosystems), according to manufacturer's specifications for analysis by qRT-PCR.
His pulldown of recombinant Bclw protein. E15 rat DRGs were grown in mass cultures as described. After 2 d in culture, recombinant His-tagged Bclw protein was introduced using Chariot reagent. Cells were lysed in nonionic detergent and transferred onto Dynabeads for His-Tag Isolation & Pulldown (Invitrogen) according to the manufacturer's instructions. Input and pulldown were analyzed by Western blotting.
Axonal degeneration assay. E15 rat DRGs were grown in compartmented chamber cultures. After 6 d in culture, the cell body compartment was maintained in 10 ng/ml NGF ϩ BDNF, and the axonal compartment was starved in DMEM alone for 10 h before fixation and staining. Compartmented chamber cultures were fixed in ice-cold MeOH for 2 min and 4% PFA for 20 min, blocked in 2% BSA and 0.5% Triton X-100 for 1 h at room temperature, incubated with mouse antiTuj1 (1:400, Covance) overnight at 4°C and then with goat anti-mouse AlexaFluor-488 (1:1000; Invitrogen) for 1 h at room temperature, and counterstained with DAPI. Images of distal axons were obtained using a 40ϫ objective and NIS Elements software. To quantify axonal degeneration, we used the method described by . Images were binarized so that axonal areas were converted to black and background areas were converted to white. To detect fragmented (degenerating) axons, the particle analyzer function of National Institutes of Health ImageJ software was used to determine the area of the fragments (size, 5-1000 pixels). The degeneration index was then calculated as the ratio of the area of fragmented axons over the total axon area.
Caspase6 immunostaining. For in vitro analysis, compartmented chamber cultures were fixed in ice-cold MeOH for 2 min and then in 4% PFA for 20 min. Cultures were blocked in 5% normal goat serum and 0.1% Triton-X for 1 h. Cultures were incubated overnight at 4°C in primary antibody (1:100 anti-Active/Cleaved Caspase6; Imogene; and 1:400 anti-Tuj1; Covance) followed by incubation in secondary antibody (1:1000 AlexaFluor-546 and AlexaFluor-488; Invitrogen) for 1 h at room temperature, and counterstained with DAPI. Active caspase6 was quantified using ImageJ software, taking the average of the mean fluorescence within each axon as defined by Tuj1 staining.
Protein introduction. Recombinant His-tagged Bclw (R&D Systems) was introduced into E15 DRG sensory neurons using the Chariot protein transfection system (Active Motif). ␤-Galactosidase protein was used as a control. Bclw or ␤-galactosidase (1 g/l) was introduced into mass cultures using 6 l of Chariot or into the cell body or into distal axon compartments of compartmented chamber cultures by using 2 l of Chariot reagent.
Footpad innervation. bclw ϩ/ϩ and bclw Ϫ/Ϫ animals of either sex were killed with isoflurane, and then footpad tissue from hindpaws was removed, fixed overnight in Zamboni's fixative at 4°C, and cyropreserved in 30% sucrose overnight at 4°C. Footpads were frozen, and 30 m floating sections were prepared. Tissue sections were blocked in 10% normal goat serum and 0.1% Triton X-100 in PBS for 1 h at room temperature and then incubated in anti-tuj1 (1:400; Millipore Bioscience Research Reagents) or anti-substance P (1:100; R&D Systems) and antiActive/Cleaved Caspase6 (1:100; Imgenex) overnight at 4°C. Sections were then incubated in goat anti-mouse AlexaFluor-488 (1:200; Invitrogen) and goat anti-rabbit AlexaFluor-568 (1:200; Invitrogen) and DAPI (1:1000) for 2 h at room temperature and mounted on gelatin-coated slides. Confocal images were obtained using a Carl Zeiss LSM 510 META upright confocal microscope, with a 40ϫ oil objective. Caspase6 staining was quantified using ImageJ software, taking the average of the mean fluorescence per pixel within each z-stack of an axon outlined by Tuj1 or substance P staining.
Statistics. Data are expressed as mean Ϯ SEM. To assess statistical significance, data were analyzed by unpaired two-tailed Student's t test or by z test for a difference from 1. For multiple comparisons, data were analyzed by one-way ANOVA with post hoc Bonferroni or Dunnett correction. Significance was placed at p Ͻ 0.05 unless otherwise indicated.
Animal use. Timed pregnant rats were purchased from Charles River. bclw Ϫ/Ϫ mice were a generous gift from Grant MacGregor (University of California, Irvine, CA) (Ross et al., 1998) . Genotyping for the wild-type bclw gene and/or lacZ gene were performed by Transnetyx using the Bclw targetingsequenceGCTCTGAACCTCCCCATGACTTAAATCCGTTGCTCTTT CT-TGGCCCTGCCCAGTGCCTCTGAGCATTTCACCTATCTCAGGA GCandthelacZsequenceCGATCGTAATCACCCGAGTGTGATCATCTG GTCGCTGGGGAATGAGTCAGGCCACG-G. All experimental procedures were done in accordance with the National Institutes of Health guidelines and were approved by the Dana-Farber Cancer Institutional Animal Care and Use Committee.
Results
Target-derived neurotrophins regulate axonal levels of bclw mRNA Bclw promotes neurotrophin-dependent maintenance of sensory nerve fibers (Courchesne et al., 2011) . As Bclw protein is expressed in axons, we asked whether bclw mRNA is also localized to axons of sensory neurons. FISH (Hafezparast et al., 2003) of cultured DRG neurons in microfluidic chambers (Fig. 1A) demonstrates the presence of bclw transcripts in axons as well as cell bodies (Fig. 1B) . This pattern is similar to ␤-actin mRNA, which is known to be localized to axons, and in contrast to ␥-actin mRNA, which is restricted to cell bodies (Fig.  1B) . By qRT-PCR from DRG neurons grown in compartmented chamber cultures, bclw mRNA shows a relative enrichment in axonal compartments compared with cell body compartments (Fig. 1C) . Similarly, ISH in whole DRG and associated peripheral nerves demonstrates the presence of bclw and ␤-actin transcripts in cell bodies and in peripheral nerves, consistent with expression of bclw mRNA in axons (Fig. 1 D, E) . Together, these data indicate that bclw mRNA, like ␤-actin mRNA, is localized to axons of developing sensory neurons. In vivo, the central and peripheral axons of DRG neurons can be clearly distinguished from one another. We find that bclw mRNA is clearly evident in cell bodies and peripheral nerves but is barely detectable in the central projections (Fig. 1F ) . In contrast, ␤-actin mRNA shows a high level of expression in both central and peripheral nerves (Fig. 1F ) . This suggests that, in vivo, bclw mRNA is primarily localized to peripherally extending axons that encounter target-derived neurotrophins.
As a retrograde response gene, bclw transcription is selectively induced in response to distal axon neurotrophin stimulation (Pazyra-Murphy et al., 2009; Courchesne et al., 2011) . Using compartmented chamber cultures, we find that selective distal axon neurotrophin stimulation for 2 h not only increases bclw levels in the cell bodies but also increases bclw mRNA levels in axon compartments ( Fig. 2A) . In contrast, bclw mRNA levels do not change in either cell bodies or distal axons in response to neurotrophin stimulation of cell bodies (Fig. 2B ). In these experiments, the transcription factor c-fos serves as a critical control. Expression of c-fos is induced in cell bodies in response to neurotrophin stimulation of either cell bodies or distal axons, and so provides a measure of successful stimulation, whereas c-fos mRNA levels in axons are barely detectable and do not change with neurotrophin stimulation (Fig. 2 A, B) . In these experiments ␤-actin serves as a positive control, as neurotrophins induce transport of ␤-actin mRNA from cell bodies to axons , and so levels of ␤-actin mRNA in axons increase in response to neurotrophin stimulation of distal axons ( Fig. 2A) . Interestingly, cell body stimulation also increases ␤-actin mRNA levels in distal axons (Fig. 2B) .
Neurotrophin-dependent increases in axonal bclw mRNA levels could be the result of transport of mRNA from the cell body or could reflect an increase in mRNA stability within the axon. To distinguish these possibilities, we removed the cell bodies of sensory neurons grown in compartmented chamber cultures, then stimulated distal axons with neurotrophins for 2 h. In these experiments, axons are still responsive to neurotrophins in the absence of cell bodies for at least 6 h after cell body removal, as shown by activation of Trk and Erk (Fig. 2D) . After removal of cell bodies, increases in axonal bclw and ␤-actin mRNA are abrogated, indicating that increased axonal mRNA is not simply the result of local events that cause neurotrophin-dependent stabilization of bclw mRNA in axons (Fig. 2C) . To investigate further whether neurotrophins regulate bclw mRNA stability, we studied mRNA decay kinetics. We labeled endogenous mRNA with 4-thiouridine for 24 h (Zeiner et al., 2008) , then removed 4-thiouridine and measured changes in levels of labeled mRNA over time by qRT-PCR. Half-life was quantified by obtaining the decay rate constant from the line of best fit of a semilogarithmic plot of mRNA concentration (Chen et al., 2008) . The half-life of bclw is 5 h, consistent with prior studies in non-neuronal cells (Danckwardt et al., 2011) and the relative decay kinetics of bclw mRNA over 8 h are unaffected by neurotrophins (Fig. 2E) . We compared bclw with ␤-actin mRNA, which shows similar decay rates to previous studies (Leclerc et al., 2002) , and found no significant difference in decay kinetics between ␤-actin and bclw mRNA. Half-life measurements for c-fos and gapdh mRNA, which are respectively rapidly and very slowly degraded, served as controls (Guhaniyogi and Brewer, 2001 ). Together, these data indicate a mechanism whereby neurotrophins induce transport of bclw mRNA from cell bodies to axons, with no effect on mRNA stability.
We analyzed the temporal relationship between increases in cell body mRNA levels and those seen in the axon after axonal neurotrophin stimulation of axons. Increased levels of bclw mRNA are seen in the cell body after 30 min of stimulation (Fig.  3A) . These data are in line with the time course seen for other early transcriptional changes induced by neurotrophin stimulation of these cultures (Riccio et al., 1997; Watson et al., 1999). Intriguingly, there is no increase in bclw mRNA levels in distal Figure 1 . Bclw mRNA is localized in peripheral axons of sensory neurons. A, Tuj1 immunostaining (green) and DAPI staining of E15 DRG neurons grown in microfluidic chambers. Scale bar, 60 m. B, FISH assay of bclw, ␤-actin, and ␥-actin mRNA (red) in cell body (CB) and distal axon (DA) compartments. Counterstained images show Tuj1 antibody (green) and DAPI. Scale bars, 20 m. C, mRNA from CB and DA of E15 DRG neurons grown in compartmented chamber cultures for bclw, ␤-actin, and ␥-actin analyzed by qRT-PCR. Data are presented as the mean ϩ SEM of DA mRNA/CB mRNA ratio, normalized to gapdh mRNA. Statistical analysis by z test. *p Ͻ 0.05 for a difference from 1. n ϭ 7. D, ISH in P0 DRGs and peripheral nerves with antisense bclw and nonsense control probes. Scale bars, 500 m. E, ISH in P0 DRGs and peripheral nerve with antisense ␤-actin and ␥-actin and nonsense control probes. Scale bar, 500 m. F, ISH in P0 DRGS and associated central (C) and peripheral (P) nerve with antisense bclw and ␤-actin probes. Scale bar, 500 m.
axons until 1 h after stimulation (Fig. 3A) . This temporal pattern suggests that a retrograde signal must first reach the cell body and increase transcription of bclw mRNA, before bclw mRNA in the distal axon can be affected. This is strikingly different from Figure 2 . Neurotrophins regulate bclw mRNA in cell bodies and distal axons. A, Compartmented chamber cultures were stimulated with neurotrophins (NT; 100 ng/ml NGF ϩ BDNF) at distal axons (DA) for 2 h. Bclw and ␤-actin mRNA is upregulated in cell bodies (CB) and distal axons (DA). Expression is compared with neurons treated with vehicle (100 ng/ml BSA). Fold induction of c-fos mRNA is a control. All results represent the mean ϩ SEM. *p Ͻ 0.05, difference from 1 (z test); n ϭ 8. B, Expressionofc-fos,bclw,and␤-actinmRNAinCBandDAinresponseto2hNTstimulationofCB.*pϽ 0.05, difference from 1 (z test); n ϭ 8. C, Severing of cell bodies during NT stimulation of DA prevents increasesinbclwand␤-actinmRNAinDA.D,CellbodieswereseveredfromaxonsandDAlysateswere blotted with pTrk and pErk1/2. After 6 h, axons still respond to NT stimulation. Pan-actin was used as a loading control. E, Decay kinetics of bclw and ␤-actin mRNA and control mRNAs c-fos and gapdh in the absence (0) or presence (10) of NT. Data are presented as amount of 4-thio-labeled mRNA, normalized to no thiol control; n ϭ 5. ␤-actin mRNA, where there is a concomitant increase in mRNA levels in both cell bodies and distal axons by 30 min (Fig.  3B) . At each time point, c-fos induction serves as a control for successful stimulation (Fig. 3C) .
Induction of bclw mRNA in cell bodies by neurotrophin stimulation of distal axons depends on a retrograde Trk-Erk5 pathway culminating in Mef2D-dependent transcription of bclw (Pazyra-Murphy et al., 2009) . Because bclw mRNA levels are increased in axons after cell bodies, we asked whether axonal levels of bclw mRNA are also regulated through retrograde Trk-Erk signaling or through a distinct regulatory mechanism. Previous studies indicate that Trk kinase and Erk kinase activity is needed in both compartments for induction of bclw transcription (Watson et al., 1999; Watson et al., 2001 ). This reflects the role of transported signaling endosomes containing activated Trks in these long-range responses (Ginty and Segal, 2002) . Addition of the Trk inhibitor K252a or the Erk inhibitor UO126 at either location completely abrogates gene induction of bclw in cell bodies (Fig. 4A,D) . Similarly, c-fos induction is blocked in cell bodies by this intervention (Fig. 4B,E) . Interestingly, the increase in bclw mRNA in distal axons is also abrogated when K252a or UO126 is applied to cell bodies (Fig. 4A,D) , despite robust activation of Trk and Erk in distal axons (Fig. 4C,F) . This suggests that a Trk-Erk signal from the distal axon must reach the cell body to increase axonal bclw mRNA.
Newly transcribed bclw mRNA is targeted to axons after distal axon neurotrophin stimulation
To determine whether transport of bclw mRNA from cell bodies to distal axons requires transcription of bclw, distal axons were stimulated with neurotrophins while the transcription inhibitor actD was added to the cell body compartment. Addition of actD to cell bodies prevents neurotrophin-dependent increases of bclw mRNA in axons. In contrast, neurotrophin-dependent increases in axonal ␤-actin mRNA are unaffected by actD (Fig. 5B) . Control experiments showed that actD blocks the increased expression of c-fos, bclw, and ␤-actin in cell bodies, indicating successful inhibition of transcription (Fig. 5A) . Together with the time course studies, these data indicate that bclw mRNA is regulated differently from ␤-actin mRNA and that changes in axonal bclw mRNA levels depend on neurotrophin-induced transcription, whereas ␤-actin mRNA does not.
Previous studies show ␤-actin mRNA can be transported to axons from preexisting pools of mRNA in cell bodies without new transcription . It is possible that transcription of bclw mRNA replenishes cytoplasmic mRNA pools available for axonal transport. Alternatively, neurotrophins could regulate transcription of bclw mRNA, such that the new bclw transcripts are immediately targeted to axons. To follow newly made mRNA from the cell bodies to the distal axons, we pulse-labeled mRNA with 4-thiouridine (Zeiner et al., 2008) during 2 h of distal axon neurotrophin stimulation and followed the labeled mRNA for an additional 2 h of distal axon neurotrophin stimulation (Fig. 5C) . The newly transcribed thiouridine-labeled mRNA was isolated from each compartment by biotin-streptavidin pull-down, and the neurotrophin-induced changes in newly transcribed mRNA were assessed by qRT-PCR. As expected, neurotrophin stimulation induces increases in labeled c-fos, bclw, and ␤-actin mRNA in cell bodies (Fig. 5D) . We then analyzed newly transcribed mRNA in distal axons. Neurotrophin stimulation dramatically increases labeled bclw mRNA in axons, indicating that newly made bclw mRNA is rapidly transported to axons (Fig. 5E ). In contrast, neurotrophin stimulation does not increase labeled, newly transcribed ␤-actin mRNA in axons, supporting previous studies showing transport of ␤-actin mRNA from preexisting cytoplasmic pools (Fig. 5E) . No labeled c-fos mRNA is detected in axons. In control experiments, distal axons were stimulated for 4 h with no 4-thiouridine during the period of stimulation, after 24 h incubation with 4-thiouridine to label transcripts generated before neurotrophin stimulation (Fig. 5C ). In these control experiments, where neurotrophin-induced mRNA is not labeled with 4-thiouridine, there is no increase in labeled mRNA for c-fos, bclw, or ␤-actin in cell bodies, and there is no increase in labeled mRNA for bclw in the axons, verifying the specificity of our assay (Fig. 5D ). Thus bclw mRNA represents a new "class" of axonal mRNAs that are transcribed and immediately targeted to axons in response to target-derived neurotrophin stimulation.
Axonal Bclw suppresses the caspase6 apoptotic pathway to prevent axon degeneration
To address the functional significance of neurotrophin regulation of bclw mRNA in axons, we asked whether neurotrophins also regulate axonal Bclw protein. In response to 8 h of neurotrophin stimulation, Bclw protein levels are increased in both cell body and in distal axon compartments (Fig. 6A) . To test whether this is the result of local translation of Bclw in the axon, we selec- tively inhibited protein synthesis in axons only, or in cell bodies only, and then analyzed Bclw levels. When the translation inhibitor cycloheximide is added to distal axons, neurotrophins do not increase Bclw in axons (Fig. 6B) . In contrast, when cycloheximide is added to cell bodies, neurotrophins still increase axonal Bclw (Fig. 6C) .Together, these data suggest that neurotrophins regulate Bclw at multiple steps: transcription, transport and perhaps local translation. t test) ; n ϭ 6. B, Addition of actD to CB blocks bclw mRNA increase in distal axons (DA). *p Ͻ 0.05 (Student's t test); n ϭ 6. C, To label new mRNA, 4-thiouridine was added to CB during 2 h of DA NT stimulation and removed for a further 2 h DA NT stimulation. In control experiments, 4-thiouridine was added for 24 h and removed before 4 h DA stimulation. D, Fold increase in newly transcribed c-fos, bclw, and ␤-actin mRNA in cell bodies. Levels of newly transcribed gapdh mRNA levels do not change. *p Ͻ 0.05 (Student's t test); n ϭ 5. E, Fold increase in newly transcribed bclw mRNA in distal axons. *p Ͻ 0.05 (Student's t test); n ϭ 5. F, Total mRNA levels of c-fos, bclw, and ␤-actin in CB are upregulated in pulse and control experiments. G, Total mRNA levels of c-fos, bclw, and ␤-actin in DA are upregulated in pulse and control experiments. *p Ͻ 0.05 for a difference from 1 (z test); n ϭ 5. We previously demonstrated that Bclw is critical for neurotrophin-dependent axonal survival; in cultures from bclw Ϫ/Ϫ mice, withdrawal of neurotrophins results in increased axonal degeneration (Courchesne et al., 2011) . Therefore, we asked whether manipulations that alter Bclw regulation affect neurotrophin-dependent axonal survival. Withdrawal of neurotrophins from distal axons for 10 h induces selective axonal degeneration (Fig. 7 A, B) . When severed from cell bodies, axonal degeneration is increased. This would be expected because many survival factors are transported from cell bodies, including the Wallerian degeneration slow component, Nmnat (Gilley and Coleman, 2010) . Withdrawal of neurotrophins further increases axonal degeneration in isolated axons severed from cell bodies, suggesting that neurotrophins act locally to protect axons from degeneration, perhaps resulting from local translation (Fig. 7A,B) . Indeed, addition of translation inhibitors anisomycin or cycloheximide to axons that remain attached to their cell bodies interrupts the ability of neurotrophins to prevent axon degeneration (Fig. 7A,B) . Neurotrophin withdrawal can activate an APP/DR6/caspase6 pathway to foster axonal degeneration (Nikolaev et al., 2009; Simon et al., 2012) , and we observed activated caspase6 in degenerating axons after neurotrophin withdrawal (Fig. 7C,D) , and inhibition of translation in axons by anisomycin or cycloheximide leads to increased levels of activated caspase6. Together, these data indicate that proteins translated locally in axons prevent activation of caspase6 and promote axonal viability.
To determine whether Bclw itself works within the axon to promote neurotrophin-dependent axon survival, we used a protein transfection system to selectively introduce Bclw into axons. We efficiently and selectively transfected recombinant Bclw-His protein in axonal compartments (Fig. 8A) . Introduction of Bclw in axons protects against axonal degeneration caused by removal of neurotrophins, which is readily observed in control untransfected or ␤-galactosidase-transfected conditions (Fig. 8 B, C) . Importantly, Bclw introduced to cell body compartments rather than to axons (Fig. 8D ) cannot prevent axonal degeneration in response to neurotrophin deprivation (Fig. 8 E, F ) . To determine whether Bclw protection of axon viability is associated with reduced caspase6 activation, we measured activated caspase6 in axons after Bclw protein was Figure 8 . Axonal Bclw binds to Bax and prevents axon degeneration and caspase6 activation. A, Western blot for His after selective introduction of His-tagged Bclw protein into distal axons (DA) of DRG neurons grown in compartmented chamber cultures. B, Tuj1-labeled axons after introduction of ␤-galactosidase (␤-gal) protein or Bclw protein to DA after 24 h neurotrophin deprivation (ϪNT). Scale bar, 40 m.C,Quantificationofaxonaldegenerationafterintroductionof␤-galorBclwproteintoDAafterremovalofNT.AlldatashowmeanϩSEM.pϭ0.0018(one-wayANOVAwithBonferronicorrection).*pϽ 0.05(one-wayANOVAwithBonferronicorrection);nϭ19 -36axonalfieldsfrom4experiments.D,WesternblotforHisafterselectiveintroductionofHis-taggedBclwproteinintocellbodies(CB).E,Tuj1-labeled axons after introduction of ␤-galactosidase (␤-gal) protein or Bclw protein to CB after 24 h neurotrophin deprivation (ϪNT). Scale bar, 40 m. F, Quantification of axonal degeneration after introduction of ␤-gal or Bclw protein to CB after removal of NT. Statistical analysis by one-way ANOVA. G, H, Quantification of activated caspase6 in DA after introduction of ␤-gal protein or Bclw protein to DA (G)orCB(H), in the presence (ϩNT) and absence (ϪNT) of neurotrophins. *p Ͻ 0.05 (one-way ANOVA with Bonferroni correction); n ϭ 29 -51 axonal fields from 4 experiments. I, Binding of His-tagged recombinant Bclw toBaxafterHispulldown.J,QuantificationofaxonaldegenerationafteradditionofABT-263toaxonswithBclwproteinintroducedtoaxons.*pϽ0.05(one-wayANOVAwithBonferronicorrection);nϭ10 -24 axonalfieldsfrom3experiments.K,Quantificationofactivatedcaspase6inDAafteradditionofABT-263toaxonswithBclwproteinintroducedtoaxons.*pϽ0.05(one-wayANOVAwithBonferronicorrection); n ϭ 8 -17 axonal fields from 3 experiments.
introduced. Transfection of Bclw into axons dramatically reduces levels of activated caspase6 (Fig. 8G) , whereas transfection of Bclw into cell bodies does not (Fig. 8H ) . These results indicate that neurotrophin regulation of local, axonal synthesis of Bclw is critical for supporting axonal survival and that Bclw functions within the axon to suppress the caspase6 apoptotic pathway.
It has been shown that Bclw binds to the BH3-binding protein Bax to prevent caspase activation (Yan et al., 2000a; Kim et al., 2012) . We found that recombinant Bclw protein introduced into DRG sensory neurons binds to Bax (Fig. 8I ) . To determine whether Bclw protects axons from degeneration through binding and sequestration of Bax, we applied the Bcl2/Bcl-xL/Bclw inhibitor ABT-263 to axons transfected with recombinant Bclw protein. ABT-263 inhibits binding of Bcl2 family members to BH-3 domain proteins, including Bax (Tse et al., 2008; Merino et al., 2012) , and we see a reduction in recombinant Bclw protein binding to Bax after treatment with 500 nM ABT-263 (data not shown). Addition of ABT-263 to axons abrogates the ability of recombinant Bclw to prevent axon degeneration and caspase6 activation after neurotrophin withdrawal (Fig. 8 J, K ) . Together, these data indicate that Bclw in axons binds to Bax and thereby suppresses the caspase6 apoptotic pathway.
Previous studies have shown that axons cultured from bclw Ϫ/Ϫ mice exhibit increased axon degeneration after neurotrophin withdrawal (Courchesne et al., 2011) (Fig. 9A) . We examined whether recombinant Bclw protein introduced into axons deficient for bclw can rescue the axon degeneration phenotype. Introduction of Bclw protein into axons of sensory neurons from bclw Ϫ/Ϫ mice grown in compartmented chamber cultures protects axons from degeneration after neurotrophin withdrawal (Fig. 9A) . We then examined caspase6 activation in sensory axons from bclw Ϫ/Ϫ mice and found increased levels of caspase6 activation after neurotrophin withdrawal compared with bclw ϩ/ϩ axons ( Fig. 9 B, C) . The increase in activated caspase6 is rescued with addition of recombinant Bclw protein to bclw Ϫ/Ϫ axons ( Fig. 9 B, C) .
In vivo, Bclw is critical for sustained survival of sensory axons (Courchesne et al., 2011) . At 6 months of age, bclw Ϫ/Ϫ mice show a progressive nociceptive neuropathy associated with a loss of epidermal innervation and axonal degeneration (Courchesne et al., 2011) . We examined activated caspase6 staining in axons of nociceptors that innervate the skin in bclw ϩ/ϩ and bclw Ϫ/Ϫ mice at 6 months of age. We found significantly elevated levels of activated caspase6 staining in nerve endings stained with Tuj1 in bclw Ϫ/Ϫ mice (Fig. 9 D, E) . Nociceptor axons in the epidermis include both peptidergic, TrkA-expressing and nonpeptidergic, TrkA-independent fibers (Silos-Santiago et al., 1995; Molliver and Snider, 1997; Marmigere and Ernfors, 2007) . To determine whether degeneration and caspase6 activation occur in axons of peptidergic neurons in bclw Ϫ/Ϫ mice, we examined caspase6 staining in substance P-positive fibers. Activated caspase6 staining is increased in subtance P positive-nerve endings in bclw Ϫ/Ϫ mice (Fig. 9F,G) , demonstrating that in vivo Bclw is critical for maintenance of NGFresponsive, peptidergic axons. Together, these studies suggest that neurotrophins induce increased axonal Bclw through regulated transcription, mRNA transport, and translation, resulting in suppression of the Bax-caspase6 apoptotic cascade and thus preventing axonal degeneration.
Discussion
The retrograde response gene Bclw is transcriptionally upregulated in response to distal axon neurotrophin stimulation and is critical for viability. Our studies have elucidated a mechanism by which neurotrophin stimulation of distal axons induces transcription of bclw mRNA and subsequent transport of those newly made transcripts from the cell body to the axon. Furthermore, Bclw protein functions within the axon to inhibit caspase6-mediated axonal apoptosis and promote neurotrophindependent axonal survival. We postulate that the scope of Bclw regulation, at the level of transcription, transport, and translation, reflects a mechanism by which signaling cascades are integrated over time, thus promoting axonal maintenance only under conditions of sustained neurotrophin stimulation.
Retrograde neurotrophin signaling has traditionally been thought of as a mechanism by which target-derived neurotrophins communicate to a remote cell body to elicit transcriptional and translational changes required for neuronal survival (Cosker et al., 2008; Chowdary et al., 2012) . In this way, only neurons that correctly reach their targets survive and are incorporated into a functional circuit. Because a functional neural connection depends on the maintenance of the axon as well as the cell body, it makes sense that an axon-derived neurotrophin signal would selectively induce expression of genes required for axonal survival. Our data reveal a bidirectional mechanism wherein retrograde neurotrophin signaling from the axon activates a specific transcriptional program of retrograde response genes that in turn increases expression of axon-targeted mRNA and protein critical for axonal maintenance. It seems likely that additional retrograde response genes may also encode mRNAs that localize to the axon and generate protein products whose roles are primarily in the axon.
Intriguingly, it appears that, in vivo, bclw mRNA is predominantly evident in axons that extend to peripheral, neurotrophinexpressing targets, rather than in centrally projecting branches. Indeed, in bclw Ϫ/Ϫ mice at 6 months of age, there is considerable loss of peripheral nerves in the epidermis, whereas nerves that extend centrally into the spinal cord show no deficit (Courchesne et al., 2011) . Together, these findings suggest that the mechanisms regulating survival and maintenance of centrally and peripherally projecting axons differ from one another. There is evidence in sensory neurons that there are indeed differences between the central and peripheral axons; for example, tyrosinehydroxylase appears to be differentially expressed in peripheral and central axons (Brumovsky et al., 2006) . Further studies will be needed to demonstrate whether there is an intrinsic localization element within bclw that targets the mRNA preferentially to peripheral axons or whether selective targeting of bclw depends on the local NGF stimulus present in the periphery. Loss of Bclw results in increased activated caspase6 and degeneration of the peptidergic, NGF-responsive sensory fibers in the epidermis, indicating that Bclw functions to support NGF-dependent axon maintenance in vivo. Other trophic factors in target tissues may similarly regulate Bclw for maintenance of long axons in neuronal subtypes that do not express TrkA.
Regulated transport of mRNA to distal axons in response to neurotrophins requires localization elements often found within the 3ЈUTR (Andreassi and Riccio, 2009; Donnelly et al., 2010) . The best characterized is the 3Ј zipcode element in the 3ЈUTR of ␤-actin mRNA, which contains a 54-nucleotide sequence ("zipcode") responsible for axonal localization (Ross et al., 1997) . This is achieved through binding to the mRNA binding protein ZBP1 (zipcode binding protein). ZBP1 associates with ␤-actin mRNA during transcription (Oleynikov and Singer, 2003; Pan et al., 2007) and also during transport to the axons. However, ␤-actin transcription and mRNA transport appear to be separately regulated. Thus, bclw and ␤-actin may represent two distinct classes of neurotrophin-regulated mRNA: those whose transcription and transport into axons are coregulated and those whose transport into axons is independent of transcriptional regulation. As bclw does not contain the same "zipcode" within its 3ЈUTR as ␤-actin, other cis-localization elements and trans-binding mRNA binding proteins are likely to be responsible for targeting bclw mRNA to axons. The long 2.7 kB 3ЈUTR of bclw transcripts may contain several as yet unidentified localization motifs (Andreassi and Riccio, 2009; Cosker and Segal, 2010) . Identification of such localization elements and mRNA-binding proteins that interact with bclw mRNA will give further understanding into how neurotrophins regulate axonal bclw mRNA levels. It will be interesting to investigate whether mRNAs whose transcription and transport are closely linked might share mRNA-binding proteins and whether this group of mRNAs shares transport mechanisms.
Neurotrophin stimulation increases axonal mRNA for both bclw and ␤-actin, and abundant evidence indicates that this results, at least in part, from mRNA transport . However, it is not known whether neurotrophin-dependent changes in mRNA stability might also contribute to regulation of axonal mRNAs. Here we measured the half-life of bclw mRNA and showed that it is not regulated by neurotrophins in DRG neurons. We also measured ␤-actin mRNA stability and found that neurotrophins lead to slight changes in stability. These results cannot exclude the possibility that the stability of mRNAs within axons is differentially regulated than elsewhere in the cell. Nonetheless, these data strongly suggest that the neurotrophindependent increase in axonal bclw and ␤-actin mRNA are predominantly the result of regulated mRNA transport.
Like other Bcl-2 family members, Bclw is associated with mitochondria (O'Reilly et al., 2001) . A significant proportion of axonally localized mRNAs encode mitochondrial-associated components Gumy et al., 2011) , and local protein synthesis in axons is critical for mitochondrial health (Hillefors et al., 2007) . Failure to maintain healthy mitochondria in axons is associated with neurodegenerative diseases and results in axonal degeneration (Court and Coleman, 2012) . Mitochondria in bclw Ϫ/Ϫ axons show increased length and impaired membrane potential (Courchesne et al., 2011) . Abnormal mitochondrial morphology and impaired energy production in bclw Ϫ/Ϫ mice may contribute to the selective axonal degeneration observed. Intriguingly, laminB2, another mRNA that is locally translated in axons, also associates with the mitochondria (Yoon et al., 2012) , and loss of LaminB2 also leads to elongated mitochondria and decreased membrane potential. Although the role for LaminB2, a nuclear-associated intermediate filament protein, at axonal mitochondria is currently unknown, these observations lend further support to the idea that axonal mitochondria require a local supply of new proteins. Local translation of mRNAs, such as bclw or laminB2, may be a mechanism by which healthy mitochondria are maintained in long axons to prevent axonal degeneration. Further work will be needed to definitively demonstrate local translation of Bclw and to show that newly synthesized protein functions to support mitochondrial health in axons.
As a Bcl2 family member, Bclw functions to promote cell survival through inhibition of the apoptotic cascade and so is likely to play a direct role in regulating axonal survival. Recent studies suggest that axonal degeneration after neurotrophin withdrawal is mediated through a distinct apoptotic pathway that requires activation of Bax and caspase3 and the downstream effector caspase6 (Nikolaev et al., 2009; Simon et al., 2012) . Bclw is known to bind to Bax and inhibit its mitochondrial pore-forming ability (Yan et al., 2000b; Kim et al., 2012) . Here we have shown that Bclw binds to Bax and thereby suppresses activation of caspase6 and protects axons from degeneration. Thus, Bclw appears to be the axonal antiapoptotic Bcl2 member critical for neurotrophin-dependent axonal survival. Bax is also required for axon degeneration after axonal injury, which occurs independently of caspase activation (Schoenmann et al., 2010) . Thus, Bclw can prevent axon degeneration induced by neurotrophin deprivation and could also play a protective role against axon degeneration after injury.
This work provides new understanding of the mechanisms whereby neurotrophins coordinate signals between distal axons and cell bodies to maintain and preserve connected neurons within a functioning circuit. Our findings suggest that targetderived neurotrophins induce transcription and transport of Bclw to regulate axonal levels of bclw mRNA and that the function of Bclw protein in axons is critical for suppression of the caspase6 apopotic cascade and long-term axonal survival. Understanding how Bclw is regulated in developing neurons provides insight into axonal viability during normal development of neuronal circuitry and into axonal degeneration in progressive neurodegenerative disorders.
